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INTRODUCTION
The superior salivatory nucleus (SSN), the pri-
mary center for salivary secretion, is located in the
lateral reticular formation of the medulla oblongata
in rats (1-3). Based on neuroanatomical studies (4-
7) using methods involving the retrograde trans-
synaptic transport of a virus and retrograde axonal
transport of horseradish peroxidase (HRP), it has
been suggested that the nucleus innervating the
SSN involves the brainstem and forebrain ; the
brainstem includes the parabrachial nucleus, sen-
sory trigeminal nucleus, nucleus of the solitary
tract, and its surrounding reticular formation ; the
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forebrain includes the insular cortex, central nucleus
of the amygdala, bed nucleus of stria terminals, and
paraventricular nucleus of the hypothalamus. It is
well-known that stimulation of the cerebral cortex
(8) and hypothalamus (9) evokes salivary secretion.
These neuroanatomical and in vivo studies suggest
that salivary secretion is controlled not only by the
brainstem, but also by the forebrain.
Meanwhile, our electrophysiological studies
showed that most SSN neurons innervating the sali-
vary glands and tongue receive excitatory glutama-
tergic inputs, and inhibitory GABAergic and glycin-
ergic inputs. However, it is unclear how the numer-
ous SSN neurons are controlled by both the fore-
brain and brainstem with respect to inhibitory sali-
vary control.
In this study, we aimed to examine the distribu-
tion of GABAergic and glycinergic nerve terminals
in the SSN, and the origin of GABAergic terminals
innervating the SSN.
MATERIALS AND METHODS
1. Immunohistochemical staining of GABAergic and
glycinergic nerve terminals and GABAA receptors in
the SSN
SSN neurons innervating the submandibular sali-
vary glands were stained by the retrograde transport
of a fluorescent tracer, Fast Blue (FB). Male Wistar
rats (290-310 g) were anesthetized with sodium
pentobarbital and urethane (i.p. , 525 and 50 mg/kg,
respectively), and then FB (2%, 2 μl) was injected
into the left chorda-lingual nerve. After a survival pe-
riod of 2 days, the rats were perfused with 4% para-
formaldehyde in 0.1 M phosphate buffer (pH 7.4).
Glutamic acid decarboxylase (GAD) and glycine
transporter 2 (GLYT2), were investigated as mark-
ers of glycinergic and GABAergic nerve terminals,
respectively. These markers were detected immu-
nohistochemically in coronal brainstem sections
(5 μm).
2. Immunohistochemical staining of GABAergic neu-
rons innervating SSN neurons
The distribution of neurons innervating SSN neu-
rons was examined based on the retrograde trans-
port of a fluorescent tracer, FluoroGold (FG). For
the injection of FG, male Wistar rats (290-310 g)
were anesthetized with sodium pentobarbital and
urethane (i.p. 525 and 50 mg/kg, respectively) and
mounted on a stereotaxic apparatus. FG (2%, 0.05
μl) was injected into the SSN (coordinates : 10.6
mm caudal to the bregma, 2.2 mm lateral to the
midline, 7.3 vertical to the cerebellar surface) using
a Hamilton microsyringe with a glass micropipette
(30-40 μm tip diameter). The injection was per-
formed on the left side. After a survival period of 2
days, the rats were perfused with 4% paraformal-
dehyde in 0.1 M phosphate buffer (pH 7.4). As a
marker of GABAergic neurons, glutamic acid decar-
boxylase (GAD) was used. GAD was examined im-
munohistochemically in coronal brain sections (5
μm). These sections were observed using a fluo-
rescence microscope. Series of sections obtained
from FG-injection site (750 μm) were not used for
the analysis.
RESULTS AND DISCUSSION
1. Distribution of GABAergic and glycinergic nerve
terminals and GABAA receptors in the SSN
Almost all SSN neurons were positive for GAD
and GABAA receptors. The number of GLYT2-posi-
tive neurons was lower. This suggests that SSN neu-
rons innervating the salivary glands received strong
GABAergic inputs.
2. Origin of GABAergic terminals in SSN neurons
Numerous neurons labeled with FG were ob-
served in the forebrain and brainstem. In the fore-
brain, labeled cells were seen mainly in the bed nu-
cleus of the stria terminalis (BST), central nucleus
of the amygdala (CeA), and lateral hypothalamic
area (LH). These labeled cells were distributed on
the ipsilateral side of the FG injection site. The in-
sular cortex (IC) was found on the contralateral side.
In the brainstem, labeled cells were observed in the
parabrachial nucleus (PBN), reticular formation
(RF), sensory trigeminal nucleus (STN), and nu-
cleus of the solitary tract (NST). These cells were
distributed mainly on the ipsilateral side of the in-
jection site. However, in the RF and NST, many la-
beled cells were present on the contralateral side
of the injection site, also.
GAD-positive neurons were very sparse in the
forebrain and brainstem, and mainly observed in the
RF bilaterally. These results suggest that neurons
projecting directly to the SSN neurons are distrib-
uted in various nuclei, and GABAergic neurons are
less abundant in the nucleus.
The Journal of Medical Investigation Vol. 56 Supplement December 2009 265
CONCLUSION
1. SSN neurons innervating the submandibular
salivary glands contained abundant GABAA recep-
tors and GAD-positive nerve terminals.
2. SSN neurons received numerous direct inner-
vations from the forebrain and brainstem.
3. A direct GABAergic projection from the lateral
hypothalamus and central nucleus of the amygdala
was rare, and that from the lateral reticular forma-
tion of the brainstem occurred occasionally.
4. Many GABAergic neurons directly projecting
to SSN neurons may be located in close proximity
to the SSN neurons.
ACKNOWLEDGEMENTS
This work was supported by Grants-in Aid for
Scientific Research (21592361) from the Ministry of
Education, Culture, Science, Sports and Technology
of Japan.
REFERENCES
1. Contreras RJ, Gomez MM, Norgren R : Central
origins of cranial nerve parasympathetic neu-
rons in the rat. J Comp Neurol 190(2) : 373-94,
1980
2. Hiruta T : Salivatory neurons innervate the sub-
mandibular and sublingual glands in the rat :
horseradish peroxidase study. Brain Res 137
(1) : 145-9, 1997
3. Nicholson JE, Severin CM : The superior and
inferior salivatory nuclei in the rat. Neurosci
Lett 21(2) : 149-54, 1981
4. Hosoya Y, Matsushita M, Sugiura Y : A direct
hypothalamic projection to the superior saliva-
tory nucleus neurons in the rat. A study using
anterograde autoradiographic and retrograde
HRP methods. Brain Res 266(2) : 329-33, 1983
5. Jansen AS, Ter Horst GJ, Mettenleiter TC,
Loewy AD : CNS cell groups projecting to the
submandibular parasympathetic preganglionic
neurons in the rat : a retrograde transneuronal
viral cell body labeling study. Brain Res 572(1-
2) : 253-60, 1992
6. Matsuo R : Central connections for salivary in-
nervations and efferent impulse formation. In :
Garrett JR, Ekstom J, Anderson LC. eds, Fron-
tiers of Oral Biology, Neural Mechanisms of
Salivary Gland Secretion, : Karger, Basal, 1999,
p. 26-43
7. Takeuchi Y, Fukui Y, Ichiyama M, Miyoshi S,
Nishimura Y : Direct amygdaloid projections
to the superior salivatory nucleus : a light and
electron microscopic study in the cat. Brain
Res Bull 27(1) : 85-92, 1991
8. Grovum WL, Gonzalez JS : Regions in the
brainstem and frontal cortex where electrical
stimulation elicits parotid and submandibular
saliva secretion in sheep. Brain Res 852(1) : 1-
9, 2000
9. Kanosue K, Nakayama T, Tanaka H, Yanase M,
Yasuda H : Modes of action of local hypotha-
lamic and skin thermal stimulation on salivary
secretion in rats. J Physiol 424 : 459-71, 1990
A. Matsushima, et al. GABAergic neurons projecting to SSN266
